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Many theories beyond the Standard Model of particle physics predict the existence of axionlike particles
(ALPs) that mix with photons in the presence of a magnetic field. One prominent indirect method of
searching for ALPs is to look for irregularities in blazar gamma-ray spectra caused by ALP-photon mixing
in astrophysical magnetic fields. This requires the modeling of magnetic fields between Earth and the
blazar. So far, only very simple models for the magnetic field in the blazar jet have been used. Here, we
investigate the effects of more complicated jet magnetic field configurations on these spectral irregularities
by imposing a magnetic field structure model onto the jet model proposed by Potter & Cotter. We simulate
gamma-ray spectra of Mrk 501 with ALPs and fit them to ALP-less spectra, scanning the ALP and B-field
configuration parameter space, and show that the jet can be an important mixing region, able to probe new
ALP parameter space around m, ~ 1-1000 neV and g,, = 5 x 107> GeV~!. However, reasonable (i.e.,
consistent with observation) changes of the magnetic field structure can have a large effect on the mixing.
For jets in highly magnetized clusters, mixing in the cluster can overpower mixing in the jet. This means

that the current constraints using mixing in the Perseus cluster are still valid.

DOI: 10.1103/PhysRevD.103.023008

I. INTRODUCTION

The axion is a light (m, < 10 meV [1-3]) pseudoscalar
particle beyond the Standard Model, which could theoreti-
cally solve the strong charge-parity (CP) problem [4].
Importantly, axions couple to the electric field of photons
(E) in the presence of a magnetic field (B). The Lagrangian,

1 .
Lay = _ZgayF;wF/wa = gayE -Ba, (1)

describes this coupling [5], where F* is the electromag-
netic field tensor, and F* is its dual: F* = %e””/”’F o> Jay
is the axion-photon coupling, and a is the axion field. In
order to solve the strong CP problem, the photon-axion
coupling and the axion mass must be strongly related [1,4].
Axionlike particles (ALPs) are generalizations of the axion
where this coupling-mass relation is relaxed. While ALPs
no longer generically solve the strong CP problem, they
commonly arise in string theories and for certain masses
and couplings, could, in theory, make up some or all of
the dark matter content of the universe (e.g., [6,7]). The
coupling between photons and ALPs leads to ALP-photon
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mixing in the presence of a magnetic field, meaning that
photons can oscillate into ALPs and vice versa. This mixing
has been the basis for many experimental searches for
the axion (and ALPs) [8] and, recently, a lot of indirect
searches using astrophysical gamma-ray observations. So
far, no ALPs have been found; Fig. 1 shows the exper-
imental and observational exclusions across the ALP mass
and coupling parameter space.

Because of the strengths of astrophysical magnetic fields
along the line of sight to gamma-ray sources, the region of
ALP parameter space relevant for gamma-ray astronomy is
m, < 107% eV. The most prominent experimental search here
has been the CERN Axion Solar Telescope (CAST) experi-
ment, which uses a large LHC prototype magnet to try
to reconvert axions converted from photons in the core of
the Sun back into photons, which can then be detected. The
nonobservation of any ALPs by CAST has set an upper
bound on the value of the coupling, g,,(95% C.L.) <
6.6x 107" GeV~!, for ALP masses m, < 0.02 eV
[8,10,11]. The International Axion Observatory (IAXO), a
next generation helioscope, should be able to obtain a signal-
to-noise ratio about 5 orders of magnitude better than CAST.
IAXO should then be able to probe couplings g,, as low as
5% 10712 GeV~! for m, < 0.01 eV [12].

As well as CAST, gamma-ray observations provide
competitive limits on ALP mass and coupling in this
region. Photons would be expected to convert to ALPs
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FIG. 1. ALP (m,, g,,) parameter space with current and future
predicted experimental exclusions. In particular, exclusions from
CAST, IAXO, and Fermi observation of NGC 1275 and SMM
SN1987A exclusions are shown (see text for details). The region
where the axion could solve the CP problem is shown in yellow.
Plot from Ref. [9].

in core-collapse supernovae. This would mean a supernova
would emit ALPs, some of which would be expected to
reconvert into photons in the magnetic field of the
Milky Way. The nonobservation of a gamma-ray signal
simultaneous with the detected neutrinos from supernova
SN1987A by the Solar Maximum Mission (SMM) satellite
has constrained g, < 5.3 x 10712 GeV~! for masses m,, <

4.4 x 1071° ¢V [13]. Recent limits from the absence of
gamma-ray flashes detected by Fermi-LAT coincident with
extragalactic supernovae are also similar [14].

ALP-photon mixing also suggests the indirect detection
of ALPs by the spectral irregularities they would cause in
smooth astrophysical gamma-ray spectra where magnetic
fields are found along the line of sight to the source. For
example, analysis of data from the Fermi Large Area
Telescope (Fermi-LAT), looking for irregularities in the
spectrum of NGC 1275, has excluded (95% C.L.) values of
the coupling g,, > 5 x 1072 GeV~! (as low as the planned
sensitivity of TAXO) for masses 0.5 <m, <5 neV (see
Fig. 1) [15]. This kind of search has also been done with
other sources in the Fermi data, as well as with High Energy
Stereoscopic System (HESS) and x-ray telescopes (e.g.,
[16-19]). Further searches are also planned, with instru-
ments such as the Cherenkov Telescope Array (CTA)
[20,21], which is soon to come online with a sensitivity
that will be better than other gamma-ray telescopes by an
order of magnitude (e.g., [22,23]).

These searches require models of the magnetic fields
along the line of sight. So far, all of these works have only
used relatively simple blazar jet magnetic field models,
either of a completely random domainlike structure [24-26]
or of a completely ordered transverse field [23,27,28].

These simple models have been justified by the argument
that most of the mixing occurs in other magnetic field
environments along the way, such as the IGMF [23] or a
cluster magnetic field [15], due to the small comparative
size of the jet.

The focus of this work is to determine whether, and to
what extent, the magnetic field structure of the blazar jet
affects these oscillatory spectral features—and hence, to
determine the importance of blazar jet models for future
ALP searches. After a brief overview of jets, in Sections II
and III, we discuss the modeling of blazar jets and other
relevant magnetic field environments along the line of sight.
To determine whether mixing in the jet is important
compared to mixing elsewhere [IGMF, Milky Way, intra-
cluster medium (ICM)], we simulate spectra of the blazar
Mrk 501, including and excluding mixing in the jet
(Section IV A). Then, to determine how much the detailed
structure of the jet matters, we define a jet model and scan the
jet parameter space within the limits of current observation,
simulation, and theory with many simulations of Mrk 501
spectra (Section IV B). Then, we extend our results beyond
Mrk 501 to blazars in general (Section IV C).

II. MODELING THE BLAZAR JET

Jets are ubiquitous across the gamma-ray sky, with active
galactic nuclei (AGN) making up almost all the extragalactic
gamma-ray sources [29]. Most regular galaxies harbour a
super massive black hole (SMBH) at their core [30,31].
Some of these cores are active, emitting a lot of radiation as
the SMBH accretes surrounding matter. About 1/10 of these
AGN host strong jets: relativistic outflows of matter, which
propagate out to ~Mpc scales, powered by the accretion
flow and the black hole spin [32]. These jetted AGN make up
the traditional radio galaxies, broadly categorized into two
morphological classes: powerful Fanaroff-Riley type-II
sources (FR IIs, edge brightened) having strong collimated
jets inflating large lobes in the surrounding medium and
weaker FR I (core brightened) sources with unstable,
plumelike jets unable to inflate lobes [33]. About 1/10 of
these jetted AGN happen to be pointing their jets right at us.
These are blazars, whose observed emission is strongly
enhanced by relativistic boosting effects. Blazars are
broadly split into flat spectrum radio quasars (FSRQs)
and BL Lacs by their emission lines, roughly corresponding
to FR IIs and FR Is, respectively [34].

These jets must be extremely powerful (~10% ergs™!
[32]), producing stable relativistic flows that remain colli-
mated out to very large distances. The details of the
launching and collimation mechanism, particle content,
particle acceleration mechanisms, and emission processes
are all open questions—though a reasonably coherent
picture is starting to emerge. One prominent model for
launching relativistic jets is the Blandford-Znajek mecha-
nism, wherein magnetic field lines brought in by the
accretion flow are wound up by the spinning black hole,
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FIG. 2. Diagram showing the PC jet model: a magnetically
dominated parabolic base that transitions to a conical ballistic jet
once the magnetic field and particles come into energy equi-
partition. Gamma-ray emission is strongly dominated by the
transition region (see Fig. 6.)

extracting rotational energy from the black hole and
creating magnetically dominated jets [35]. This magnetic
energy can then be used to accelerate particles within the jet
(by, e.g., reconnection or magnetoluminescence) until
rough equipartition between magnetic and particle energy
is reached.

This idea, with an electron-positron jet, is used by Potter
and Cotter (PC) to build a jet model, which is able to
produce the full broad-band spectrum of many blazars,
fitting observations remarkably well (see Refs. [36—40]).
The PC model is a 1D time-independent relativistic fluid
flow. The structure of the PC jet model is an accelerating,
parabolic, magnetically dominated base that transitions to a
conical, slowly decelerating ballistic jet at around 105rg
from the black hole, where I, is the gravitational radius of
the black hole, which depends on its mass as r, = 2GM/ c?
(see Fig. 2). The jet is populated by relativistic electrons
and positrons (hereafter electrons), which come into rough
energetic equipartition with the magnetic field at this
transition region. Relativistic energy momentum and elec-
tron number are conserved down the jet, and the electrons
are evolved with radiative and adiabatic losses. This
electron population emits synchrotron radiation toward
the radio end of the spectrum and Compton scatters its
own synchrotron photon field, as well as others along the
way to produce gamma rays. Depending on the source,
photons from the accretion disk, broad line region, dusty
torus, narrow line region, CMB, and starlight can all play a
role in producing the gamma-ray emission. Emission is
calculated all along the jet (it is not a one-zone model) and
is found to fit the broadband spectra of many blazars.

A typical blazar spectrum is double peaked, with
emission over the whole electromagnetic range, from radio
to gamma rays [41]. The current understanding is that the
lower peak is produced by synchrotron radiation of
electrons in the jet. The other peak, at high energy, is
generally thought to be inverse Compton (IC) emission
from the electrons either upscattering the synchrotron

photons [synchrotron self-Compton (SSC)] or other photon
fields [external Compton (EC)]. Because IC increases
photon energy by a factor of y%, most of this gamma-ray
emission would be expected to originate down near the
base of the jet where bulk Lorentz factors are highest.
Time-variability arguments also imply a fairly small
gamma-ray emission region ~10°-10°r, from the black
hole [34]. Of course, there will be some IC emission
throughout the jet. As mentioned above, the PC model
provides emission information for the whole jet, and they
find that the transition region near the base of the jet
strongly dominates the gamma-ray emission (see Fig. 6).
These simple leptonic (electron and positron) models of jets
fit observations very well (see Ref. [40]).

There are also hadronic models of jets, where relativistic
protons play a role in producing the high energy peak from,
e.g., proton synchrotron, proton-pion production, and
photo-pion production (e.g., [42,43]). These models can
also be made to fit observations but may suffer from energy
considerations, often requiring super-Eddington power (it
is much harder to accelerate a proton than an electron) [44].
These models have recently received renewed attention due
to the IceCube detection of very high energy neutrinos
coincident with a gamma-ray flare from blazar TXS0506 +
056 [45], it being much easier to create neutrinos from
protons than electrons. There no doubt must be some
protons within the jet, but the question of how many and
whether they play an important dynamical and radiative
role is still up for debate (e.g., review [34]). Overall, the
detailed processes of blazar gamma-ray emission are not
well understood, and this is one reason why investigating
the consequences of a PC-type model is important. This
work is conducted in the context of the PC leptonic jet
models.

A. Jet magnetic field

The overall jet magnetic field strength and distance
dependence are relatively well agreed upon. Minimizing
the total energy in a synchrotron plasma that is emitting at
a given synchrotron luminosity gives close to equiparti-
tion between particle and magnetic energy. Doing this for
radio observations of jets gives strengths up to ~G near
the base. Very-long-baseline interferometry (VLBI)
Faraday rotation measure (RM) observations display a
B « 1/r dependence down the jet [46]. VLBI observa-
tions of the very base (<pc scales) of the very nearby jet of
MS87 find parabolic structure [47]. General-relativistic
magnetohydrodynamic simulations also show a parabolic,
magnetically dominated, accelerating jet base (e.g., [48]).
This parabolic structure is included in the PC model,
which gives magnetic field strength all down the jet [37].
Because of the E-B term in L,,, ALPs only see the
component of external magnetic field transverse to their
direction, so we need to model the magnetic field direction
as well as the strength along the whole of the jet to solve
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the mixing equations (Eq. (A20) in Appendix). In contrast
to the overall strength, the jet magnetic field orientation
structure is currently not very well understood, especially
at small scales close to the black hole. Conserving
magnetic flux down a flux-frozen conical jet, one would
expect the transverse component of magnetic field to be
 1/r and the component down the jet to be 1/ [32].
Therefore, naively, the overall magnetic field should
become dominated by the transverse component with
strength o 1/r (this is what is used in current ALPs
work, e.g., [23]). But, jet magnetic field structure is
certainly more complicated, particularly at small radii.
For one thing, in a parabolic base, the same flux argument
would make the transverse component go as 1/r¢, where a
is the parabolic index (~0.58 in M87). VLBI RMs can also
indicate the internal structure of the jet magnetic field
as the RM depends on the integral of the field along the
line of sight. Many rotation measure maps show asym-
metry across the jet in a way indicative of helical magnetic
fields at both parsec and (for powerful sources) kiloparsec
scales [49-51]—meaning the field is not purely trans-
versal. A helical magnetic field would not be unusual near
the base considering jets launched by something like the
Blandford-Znajek mechanism where a poloidal field
threading the black hole is wound up. In this scenario,
a helical magnetic field might be expected with a pitch
angle starting roughly as the ratio of jet flow and black
hole rotation speeds and increasing down the jet as the jet
expands and the magnetic energy is used to accelerate
particles. Many simulations of relativistic jets show this
helical field behavior as well (e.g., Ref. [52]). It also
seems unlikely that the magnetic field within such a
violent environment would be entirely ordered. A tangled
field could change the transverse field dominance, even at
large radii, because a large poloidal field with many
reversals could nevertheless have a small net flux down
the jet. Entrainment of matter and the surrounding field
would likely have a tendency to disorder the magnetic
field, producing a tangled component (as well as changing
the dependence from flux conservation). Fitting of models
to Mrk 501 RM maps has provided observational support
for this idea, deriving fractions of magnetic energy density
in a tangled component up to 0.7 [53]. So, for ALP
searches, it is not obvious how to model the transverse
magnetic field component in the jet properly.

III. OTHER RELEVANT MAGNETIC
FIELD ENVIRONMENTS

There are other magnetic field environments between us
and blazars. In order to model the effects of ALP-photon
mixing on astrophysical observations, magnetic field envi-
ronments along the whole line of sight must be modeled. As
well as the jet, we model the intergalactic magnetic field
(IGMF) and the galactic magnetic field (GMF) of the
Milky Way. Other searches have used a cluster magnetic

field (CMF) as the main mixing region (e.g., [15]). For
simplicity and generality, we do not at first model a cluster
magnetic field as we are trying to find the general relevance
of jet magnetic fields, and the cluster environment is very
source dependent. We do, however, discuss the effects of a
cluster field in Section IV C.

In modeling the IGMF, we follow much previous
work (Refs. [15,23,54], for instance) in having a randomly
oriented, domainlike structure. Coherence lengths vary
between 0.2 Mpc and 10 Mpc, with field strength of
~nG. This is about the strongest IGMF consistent with
observations and so, will provide the strongest possible
IGMF ALP-photon mixing [55]. We want this as we are
trying to tell whether there are regions of ALP parameter
space for which mixing in the jet is important—i.e., not
just dominated by the IGMF—so we need to model the
strongest IGMF possible. We take the electron number

density in the IGMF to be nf™ =1 x 107 cm™ as in
Ref. [23]. Another factor concerned with intergalactic
space that affects the gamma-ray spectra is absorption
from the extragalactic background light (EBL). The EBL is
made up of starlight and light absorbed and reemitted
by dust, integrated over the history of the universe. High-
energy gamma rays can have enough energy to pair
produce (yy — e*e™) with photons of the EBL. This causes
an exponential attenuation of the gamma-ray signal at high
energies, essentially an optical depth [56]. We include EBL
absorption as an energy-dependent mean free path in the
photon propagation term of the mixing equation (Eq. (A6)
in Appendix). This absorption must be included as part of
the ALP-photon beam equations of motion and cannot just
be superimposed onto the spectrum afterward as ALPs do
not suffer from EBL absorption, and so, ALP-photon
mixing changes the simple exponential form of the
absorption. Interestingly, by traversing large portions of
intergalactic space in an ALP state, high energy gamma
rays could be received from much farther than their mean
free path for pair production would seem to allow—
effectively reducing the opacity of the universe for gamma
rays (see [57] for a discussion of this). We use the EBL
model of Dominguez et al. [58].

For the GMF, we use the model of Janson and Farrar
[59], which includes a disk field and a halo field with
strength OuG. We take the electron number density in the
Milky Way to be n™ = 1.1 x 1072 cm™ as in Ref. [23].

IV. RELEVANCE OF JET MAGNETIC FIELD
STRUCTURE FOR ALP SEARCHES

A. The importance of mixing in the jet

To investigate the relevance of more detailed jet
structure for blazar ALP searches, it is first important
to investigate whether the jet itself is important at all. As
discussed above, so far, only very simple jet magnetic
field models have been used for ALP searches because
the IGMF or CMF have been assumed to dominate the
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High energy peaks of Mrk 501 spectra, showing ALP-photon mixing induced oscillations for different values of ALP

mass (m,) and coupling (g,,). Blue (dotted) lines are the fit to data from the PC model. Red (solid) lines show the spectrum when
mixing in the jet, IGMF, and Milky Way is included. Green (dashed) lines show the spectrum when only mixing in the jet is

included.

mixing. For the jet to be important for ALP searches in
general, there would have to be mixing in the jet that is
not afterward washed out by the IGMF. In order to
investigate this possibility, we simulate the effects of
ALP-photon mixing on the gamma-ray spectrum of Mrk
501 (see Appendix for mixing equations). Mrk 501 is a
very bright, fairly nearby (z =0.034) blazar whose
magnetic field has been fairly well studied. It is also a
candidate for upcoming CTA ALP searches and is already
the subject of simulations in this area [23].

We use the standard ALP-photon mixing equations (see,
e.g., Refs. [60] and [54] for a detailed discussion), an outline
of which is given in Appendix. The oscillation length of
ALP-photon mixing depends on the ALP mass (m,), the
ALP-photon coupling (g,,), the photon energy (E), the
transverse field strength (B7), and electron number density
(n,) of the mixing environment. The mixing equations can be
used to propagate ALP-photon beams of various energies
through a series of magnetic field environments and find the
photon survival probability (P,, (E)) at the end. The observed

gamma ray spectrum from the source is then just the intrinsic
spectrum multiplied by P,,(E). We follow the same pro-
cedure as previous work, with a slight alteration because a
relativistic jet is not a cold plasma. Therefore, the photon
effective mass depends on the nonthermal distribution
function of electrons in the jet instead of simply being the
plasma frequency as it is in a cold plasma (see Appendix
for details).

Figure 3 shows some simulated spectral energy distri-
butions (SEDs) of Mrk 501 for various ALP masses and
couplings—displaying the kind of spectral oscillations
ALP-photon mixing can cause. The energy range we look
at is 1 GeV-10 TeV, roughly the important energy range
for Mrk 501 with Fermi-LAT and CTA [21]. At this stage,
we use the simple fully transverse jet magnetic field
model of Refs. [28] and [23], as we are just trying to find
whether the jet is relevant. That is, By = B « 1/r with
B(rem =03 pc) =08 G and n,(rey) =5 x 10* cm=,
where r., is the location of the gamma-ray emission
region measured from the black hole. The blue (dotted)
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FIG. 4. Values of F—sum of least-squares fit between ALP and
ALP-less spectrum—calculated over ALP mass-coupling param-
eter space. Dashed line shows current exclusions (see Sec. I).

lines are the gamma-ray peak of a a fit to broadband data,’
from the PC model taken from Ref. [40], without any ALP-
photon mixing (hereafter, ALP-less spectra).

The green (dashed) lines show the SED produced by
mixing only in the jet, and the red (solid) lines show the
total effects of mixing in the jet, IGMF, and Milky Way.
For ALP searches, the important property of these spectra
are how well they can be distinguished from the ALP-less
spectrum. In other words, for an ALP of a certain mass and
coupling to be excluded (or discovered), it must produce
large enough changes in the spectrum to be noticed. We
use a least-square fit to quantify how distinguishable a
given ALP spectrum is from the ALP-less spectrum (see
Fig. 4). The value used is the minimum sum of the squared
difference (least squares) between the ALP spectrum (¢*?)
and ALP-less spectrum (¢) across the relevant energzy
range, allowing the ALP-spectrum to shift vertically™:
F =ZX(¢p; — ¢™%)2/0.01. F cannot be used to actually
exclude ALP parameters because it is a comparison of
idealized observed spectra with and without ALPs as
opposed to a comparison of actual observed spectra. An
actual ALP search would require folding the simulated
intrinsic spectra with the IRF of a specific telescope and
then using a log-likelihood method to compare expected
counts with observed counts across the significant energy

"The data for this fit was taken from many telescopes at many
frequencies (e.g., Fermi for gammarays, Swift (UVOT, XRT, BAT)
for x-ray to optical, RATAN-600 for radio, as well as others) and
was collected in Ref. [61] to obtain quasisimultaneous broadband
spectra for sources in the Fermi-LAT Bright AGN Sample.

This is because a uniformly down-shifted ALP spectrum (i.e.,
uniformly strong mixing) with a higher intrinsic normalization is
observationally indistinguishable from an ALP-less spectrum
with lower normalization. In other words, we only care about
changes in the shape of the spectra.

101 102 103

m, [neV]

1071 100

FIG. 5. F-Fj, over ALP mass-coupling parameter space. F is
the fit including mixing in the jet, IGMF, and the Milky Way. Fj
is the fit only including mixing in the jet. Dashed line shows
current exclusions (see Sec. I).

bins. Reference [15], for example, uses this methodology
with Fermi-LAT data to exclude a region of ALP parameter
space. But, F can be used to find what areas of parameter
space could potentially be excluded. Also, by seeing how
mixing in different regions contributes to the fits, we can
tell how relevant each of the regions are for future searches
in a general and instrument-independent way.

Figure 4 shows the values of F for the full (jet, IGMF,
Milky Way) ALP spectra over the relevant ALP (m,,. g,,)
parameter space. The white dashed contour shows the
current exclusions (see Sec. I). The higher the value of F,
the worse the fit between the ALP and ALP-less spectra,
and so, the easier those parameters are to exclude; it makes
sense that the highest values of F are in the region of
(Mg, 9ay) space that has already been excluded. In princi-
ple, any pair of mass and coupling that produces a nonzero
fit is accessible to future ALP searches of Mrk 501 and (as
discussed in Sec. IV B 2) probably to BL Lac objects in
general. It can be seen from Fig. 4 that there is a fairly large
region of unprobed parameter space with F ~ 100, which
is, therefore, accessible to future searches. Figure 5 shows
F — Fj for the same region of (m,, g,,) parameter space.
Fj is the value of the F when only mixing in the jet is
included (i.e., without IGMF or MW mixing). A low value
of F-Fj, means that for this pair of mass and coupling,
mixing in the jet contributes most to the fits, and a high
value means that the IGMF or the Milky Way dominates.
For much of the parameter space, the jet contributes
strongly to the mixing (F-Fj is small). In particular, the
jet dominates the fits in the region outside the current
exclusions that was shown in Fig. 4 to be relevant for future
searches. In other words, in order to extend ALP exclusions
using blazar spectra, mixing in the jet has to be taken into
account. The reason mixing in the jet has such a large effect
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on the fits (and, therefore, the possible exclusions) is that it
sets the large scale shape of the spectrum, whereas mixing
elsewhere causes small scale oscillations around this shape
[compare green (dashed) and red (solid) lines in Fig. 3].
When fitting across the whole spectrum, small oscillations
have a tendency to cancel out, whereas differences in a
large-scale shape do not. The difference in the oscillations
caused by the two environments is because in the strong
magnetic field of the jet, the propagation equations
often enter the energy-independent strong mixing regime
for large portions of the spectrum, with large oscillations
occurring at the boundaries of this regime (see Appendix).
In contrast, the IGMF is made up of many randomly
oriented cells, meaning the transverse magnetic field can
take on many values, leading to oscillations across the
spectrum. For the region of ALP parameter space where the
jet dominates, the difference in scale of the oscillations due
to the IGMF and the jet can be intuitively understood by
looking at the difference in length of the two regions
compared to the average ALP-photon oscillation length
within them. Intergalactic space is very large compared to
the average oscillation length within it, so propagation in
the IGMF goes over many oscillation lengths, leading to
rapid oscillations in energy space. The jet is comparatively
much smaller, so (even with the shorter average oscillation
length within it) propagation through the jet goes over
much fewer oscillation lengths, inducing comparatively
slow oscillations in energy space. For example, for a pair of
ALP parameters where the jet is important (m, = 40 neV
and g,, =6x 107" GeV™!) and a photon energy of

E ~ 10 GeV, the ALP-photon beam traverses around 107
oscillation lengths in intergalactic space but only about 35
within the jet. For lower masses, where the jet is not
dominant, the situation can be different because the ALP-
photon oscillation length depends on the ALP parameters.

B. The importance of jet magnetic field structure

Above, we have shown that the blazar jet is an important
mixing region for possible ALP exclusions and so, will
have to be included for future searches. The analysis of
Sec. IV A was done using the simple jet model of Refs. [28]
and [23]. As was shown in Sec. I A, actual jet magnetic
field structure is certainly more complicated and is not very
well understood. It, therefore, makes sense to explore what
effects a more complicated jet magnetic field structure can
have on the mixing. That is to say that given that we need to
include a jet model, we want to find out how detailed our
model has to be. To this end, we parameterize a more
detailed jet model (Sec. IV B 1) and then investigate how
the fits vary across this new magnetic field parameter space
(Sec. IVB 2).

1. Jet model

We compute our jet magnetic field in the jet rest
frame. Practically, this means the jet-frame energy of an
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FIG. 6. One realization of the jet magnetic field (a =1,
f =0.7), showing the overall field strength (blue dashed) and
the transverse magnetic field strength (orange, calculated from
rem onward) used for calculating ALP-photon conversion, against
r, the distance down the jet. vF, from the PC model is also
shown, showing that a very localized gamma-ray emission region
is reasonable.

ALP-photon beam must be used while it is propagating
through the jet, instead of its observed energy. This trans-
formation is done by Ej = Eqs/6(r), where & is the
Doppler factor. For simplicity, we assume the viewing
angle to be small (~1/T’), which gives 6(r) ~ I'(r), where I’
is the jet bulk Lorentz factor, which depends on r. Bulk
Lorentz factors can be read from the PC model; the best fit
PC model for Mrk 501 has I'(r.,,,) ~ 9, and the deceleration
from then on is logarithmic, T'(r > r.y) o« log(rey/7). The
overall magnetic field strength is taken from the PC model,
consistent with observations: o< 1/r% in the parabolic base,
and « 1/r in the conical jet with a smooth transition
between the two. Figure 6 shows the overall B-field
strength used. It also shows that the emission between
0.1 GeV and 100 GeV from the PC model is very localized
at the transition region, which justifies the use of a single
point as the gamma-ray emission region.

Our jet magnetic field model is made up of a tangled
component and a helical component that turns from
poloidal (pointing down the jet) to toroidal (transverse)
as it moves down the jet.” This model fits with theory,
observation, and simulations (Sec. II A)—dealing with the
tangled and helical components at this level of detail is not a
feature of current models. We describe the helical compo-
nent with two parameters, and the tangled component
with one (see Table I). The rate at which the transverse
component of the helical field changes with distance down

PYTHON code of this model will be made publicly available
by its inclusion in the gammaALPs package, which can be found
at: [62].
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TABLE 1. Parameters used for jet magnetic field structure
model.

Values
Name Description used
a Helical By & r ¢ 0.2-1.5
rr Radius at which helical field 0.1-10 pc

becomes toroidal

f Fraction of magnetic energy density in 0-0.7

tangled field

the jet is governed by a (B « r~%), and the distance along
the jet at which the helical component becomes toroidal
is given by ry. This is, of course, a simplification, but
allowing a to be different from 1 can take into account the
parabolic base and the fact that we do not know how fast
the helical field turns from poloidal to toroidal. The tangled
component is a constant fraction of the total magnetic
energy density, as in Ref. [53]:

B tzzmgled _ L ) (2)
B %elical -7

Figure 6 also shows one realization of the transverse
magnetic field (By) for one set of field parameters
(a=1, f=0.7).

We now vary the parameters within realistic ranges to see
how the jet structure affects the fits. We allow « to vary
between 0.2 and 1.5, consistent with simulations (e.g.,
[48]). As this transition from poloidal to toroidal is only
expected down near the base, rr is varied between 0.1 pc
and 10 pc. A constant pitch angle helical field could be
consistent with observations out to kpc scales for powerful
jets but for ALPs, which only see the transverse compo-
nent, this is just equivalent to a weaker field. Following
Ref. [53], which fits f to RM maps of Mrk 501, we take f
to vary between O and 0.7. The large range of possible
values these parameters can take indicates how little we
know about jet magnetic fields and hence, why their effect
on ALP-photon mixing should be understood before a
simplistic jet model is used to find ALP exclusions.

2. Varying jet structure

Figure 7 shows AFj./F. over the ALP (m,.g,,)
space, where AFj is the change in Fj, (maximum minus
minimum) running over the values of 7, a, and f shown in
Table I, and F',, is the maximum value of Fj, at that point.
This shows how much reasonable changes in magnetic field
structure can change the fits. As can be seen from Fig. 7,
varying the magnetic field parameters has a large effect on
the fits: AFje/Fnax > 0.3 for almost all the ALP param-
eter space.

Figure 8 shows how each of the magnetic field param-
eters affect the fits for two choices of ALP parameters in the

1.0

0.0
101! 102 103
m, [neV]

FIG. 7. AFjy/Fpax over ALP mass-coupling parameter space.
AFjq is the change in Fj,, when the jet magnetic field parameters
are varied within the limits shown in Table I. F_,, is the
maximum value of Fj, obtained during this variation. Dashed
line shows current exclusions (see Sec. I).

interesting unprobed region. The plots show Fj vs a given
parameter (ry, @, f). The shaded bands show the range
of values of Fj that can be produced by varying the other
parameters while keeping the parameter in question fixed.
For example, the band in f is calculated by fixing f at
multiple points (e.g., 0., 0.2, 0.4, etc.), each time finding
the maximum and minimum Fj. that can be produced
by changing the other parameters (o and ry in this case).
These maxima and minima give the top and bottom of the
band, respectively. The bands therefore show how much a
given parameter is contributing to the fits when it takes on
any given value. A broad shaded region means that
parameter is not strongly affecting the fits at that
point—i.e., changing the other parameters can change
the fits a lot. A narrow shaded region means the opposite,
that changing the other parameters does not alter the fits
much because this parameter is dominating them. For both
values of (m,, g,,) in Fig. 8, the values of 7 and a have a
larger effect on Fj.; (narrower shaded regions) than f* does;
rr starts to have less of an effect as it increases above a few
parsecs. Also, the fact that the bands in r7 remain relatively
horizontal at low values means that if a strong upper limit
on rp <pc could be found, the overall values of
AFje/ Frnax could be significantly reduced. That is to say
that the structure of the helical component of the jet
magnetic field right down at the base of the jet is making
the strongest difference to the fits. This is a similar effect to
what we saw earlier when comparing mixing in the jet with
the IGMF (discussed in Sec. IVA). The tangled jet
component, f has a similar effect on the spectra as the
random domains of the IGMF, causing small oscillations of
the spectrum around its large scale shape. The large scale
shape is caused by the strong mixing that happens in the
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FIG. 8. Fj, vs magnetic field parameters for m, = 1 neV, g,, =2 x 10712 GeV~! (left column) and m, = 100 neV and Gay =
7 x 10712 GeV~! (right column). Shaded regions show values of F jet that can be obtained by varying the other magnetic field

parameters.

strongest magnetic fields at the jet base where the helical
component matters. In Sec. IV A (Figs. 4 and 5), we showed
that for a specific set of reasonable jet parameters, the jet
could be used as a mixing region to probe new ALP
parameter space. By letting the magnetic field parameters
vary over a reasonable range, in Fig. 7, we show that, in
general, the jet could still be used to probe this region—F
will tend to stay greater than zero. This is promising for
future searches. However, the large values of AFje/Fyp,y in
Fig. 7 mean that for any individual blazar, we would need to
know the specific jet magnetic field parameters to accu-
rately model the ALP spectrum and obtain these con-
straints; at the moment, we do not know the specific jet
magnetic field structure of individual sources in sufficient
detail from VLBI measurements. One way of approaching
this problem would be, at the cost of exclusion capability,
to leave the jet magnetic field free in the fit.

C. Beyond Mrk 501

We have only simulated spectra of Mrk 501. In order to
extend our conclusions to other sources, we must consider
the intrinsic differences in jets and the differences in their
environments. Firstly, the values of magnetic field param-
eters used (Table I) and the reasons for using them are not
only applicable to Mrk 501 but to any similar BL. Lac type
object. It is not only the structure of the magnetic field in
Mrk 501 that we do not know precisely but that of jets in
general. The fact that the same PC model including a highly

magnetized base fits so many blazar spectra suggests that
the basic structure and mechanisms within other blazars
should be similar. This means that, in general, if mixing
within the jet is important for a source, the magnetic field
structure of the source will need to be known more
precisely than current models or observations can deter-
mine. Extending beyond Mrk 501 is, therefore, a question
of whether intrinsic or environmental differences in other
sources prevent the jet from being an important mixing
region. The relevant intrinsic properties that vary between
sources are the field strength, the location of the emitting
region, the jet length, and the viewing angle. Changing the
viewing angle is essentially just changing the length of the
jet that the ALP sees before passing out of it (it will also
change the Doppler factor, which will shift the ALP
spectrum in energy). The 1/r dependence of the overall
field strength down the length of the jet described in
Sec. IT A applies to jets in general. As shown in Sec. IV A, it
is mainly the mixing in the strong magnetic field at the base
of the jet that makes the jet an important mixing region.
Indeed, excluding regions of the jet after the field has
dropped below 10~ G doesn’t change the P,,’s very much
at all. Therefore, changing the length of the jet does not
matter much as it amounts to lengthening or shortening the
region of weak field at the end of the jet, which is
unimportant. The PC model provides emission information
all down the jet but finds in all cases that gamma-ray
emission is strongly dominated by the transition region
between the parabolic base and conical ballistic jet.
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FIG. 9. Fj for four different values of B, . Below B, ~0.05 G, the jet becomes unimportant.

Changing the location of the gamma-ray emission region is,
therefore, equivalent to changing the magnetic field at the
emission region. Therefore, the only intrinsic property that
matters is the magnetic field strength at the transition
(emission) region. For Mrk 501, the PC best-fit value is
0.8G. This is the value used in Sec. IVA for finding the
importance of the jet as a mixing region. In Ref. [40], Potter
& Cotter fit the blazar spectra of 42 blazars with the PC
model. The largest best-fit value they found was 2.91 G
(J2143.2 4+ 174/S3 2141 +17), and the smallest was
0.0057 G (J1504.3 + 1030/PKS1502 + 106).

Figure 9 shows the values of Fj. for 4 values of the
magnetic field at the emission region (B,_ ) between 0.01 G
and 0.2 G. Decreasing B, increases the lowest value of
Jay> for which, mixing in the jet is important. This makes
sense: With a stronger field, you can probe weaker
couplings. As B, = drops below 0.05 G, however, Fjy
quickly becomes very small everywhere; mixing ceases to
occur at all for ALPs in this parameter space (note the
different color bar for B, = 0.01 G). This means that jets
with magnetic fields at the emission region B, < 0.05 G
are not important mixing regions for ALPs. These sources
could then be used for ALP searches without requiring a
detailed knowledge of the jet magnetic field structure.
0.05 G is a very weak magnetic field strength for the
emission region of a BL Lac (see, e.g., [46]) but could be
reasonable for many FSRQs (and is above the best fit for
many of the blazars fitted in PC [40] or from estimates from
radio core-shift measurements, e.g., [63]).

Of course, if these searches would like to probe new
parameter space, then a mixing region other than the jet
must be used. Figure 10 confirms the fairly obvious result
that changing the redshift of the source only affects the fits
for regions of ALP parameter space where the IGMF is
already dominant; the regions of (m,, g,,) space where the
jet dominates remain unaffected by changes in redshift.
This means that even for sources with larger z (e.g., 1ES
0229 + 200 considered in Ref. [23] for CTA searches), the
IGMF cannot be used to probe new parameter space.

One option is to use a source that is located in a highly
magnetized cluster. This has been done in Refs. [15] and
[18] to obtain ALP exclusions with the Fermi-LAT and

HESS spectra of NGC1275 (in the Perseus cluster) and
PKS2155-304, respectively. Faraday rotation measure-
ments of cool core galaxy clusters like Perseus suggest
magnetic fields that are turbulent, with strengths of around
10 uG. Figure 11 shows F e for one realization of the
cluster field model used in Ref. [15], with the parameters
shown in their Table I. As can be seen from the figure, the
cluster can provide an important mixing region for a large
region of ALP parameter space, much of which is beyond
current constraints. This is because the cluster has a roughly
10 uG magnetic field (much stronger than the IGMF), over
a large distance (500 kpc, which is longer than the jet), so
that it can produce a mixture of small- and large-scale
oscillations in the energy spectra.

In fact, as shown in Fig. 12, mixing in the cluster
dominates even when the jet is highly magnetized.
Figure 12 shows F_;-Fj,, where F,; is the value of F
when the ALP-photon beam is propagated through both the
jet and one cluster realization. Unlike in Fig. 5 (F-Fjg),
Fj-Fj, does not become very small over the region of
unprobed parameter space. Mixing in the jet will change

800 T
—e— m,=0.4 neV
-+- my;=4.0 neV
600 ..,.. my=40.0 neV
—e— m,=400.0 neV
lr, 400-] —— Mrk 501
— 1ES 02294200
200+
0
1072

FIG. 10. Redshift dependence of F for different values of m,, at
coupling strength g,, = 1.5 x 107" GeV~!. Figure 5 shows that
the jet starts to dominate the fits at around m, = 10 neV, which is
where F ceases to change with z. Redshifts of blazars Mrk 501
(black) and 1ES 0229 + 200 (purple) are shown for reference;
these are the two blazars discussed in the context of CTA ALP

searches in Ref. [23].
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FIG. 11. Fuger for cool core cluster parameters as used in
Ref. [15], with B, = 10 uG. Dashed line shows current
exclusions (see Sec. I).

the initial conditions for mixing in the cluster and so, will
slightly change the exact form of an ALP spectrum for an
individual realization of a cluster magnetic field (hence,
F.j-Fj, doesn’t look exactly like Flyger-Fie) but not
enough to be disentangled from simply another realization
of pure cluster mixing. This means that the jet does not
contribute strongly for searches using an ensemble of
cluster realizations as has been used to get the current
exclusions. Therefore, sources located near the center of
magnetized clusters (like NGC1275 in the Perseus Cluster
used in Ref. [15]) can be used to search for ALPs without
requiring a detailed model of the jet. In particular, the
current important constraints from Fermi-LAT and HESS
are still valid, and the same method could be used to probe

101 102

m, [neV]

1071 100 108

FIG. 12. F ;-Fjy for cool core cluster parameters as used in
Ref. [15], with B,,,, = 10 uG. F; is the value of F' when the
beam is propagated through the jet and the cluster, and Fj, when
it is propagated through just the jet. Dashed line shows current
exclusions (see Sec. I).

further ALP parameters in the future (e.g., with CTA as
discussed in Ref. [22]). These searches require a model of
the cluster field, changes in which can also affect the
mixing (see Ref. [64]), and which gets harder to put
observational constraints on as the redshift increases.
Indeed, there are many sources for which the cluster
environment is unknown. However, blazars observed more
accurately at a higher redshift in the future, by CTA for
example, are likely to be of the brighter quasar type. These
have been shown by radio and x-ray studies to be more
likely to reside in less rich and, therefore, less magnetized
cluster environments [65,66]. This is probably because of
two factors. Firstly, for a given jet power, a denser
environment is more likely to disturb the jet. Secondly,
environmental differences can affect the accretion mode of
the central engine, with low excitation objects in denser
environments being fed by hot ICM gas and high excitation
objects in less dense environments being fed by a tradi-
tional cooler accretion disk [67]. This could mean that in
the future, our ignorance of cluster field strengths and
configurations could be less important, as mixing in weaker
clusters is less dominant and that mixing in the jet will,
therefore, be crucial to these future searches. The domi-
nance of the cluster field would also be less for sources
closer to the edge of their cluster, even if it is highly
magnetized.

Another option is to use the lobes of powerful FSRQ
sources as discussed in Ref. [28]. They show that, for ALP
masses m, < neV, efficient mixing in the lobes can wipe
out oscillations from the jet and cause equipartition
between the ALP and photon states—a constant conversion
probability independent of energy. While the lack of
spectral oscillations is not good for ALP searches, it does
mean that our lack of knowledge about the jet magnetic
field structure is not important for these sources when
searching in this parameter range.

D. ALPs as probes

It is worth pointing out that next generation experimental
axion searches (particularly TAXO [12]) will be covering
the same region of ALP parameter space for which mixing
in the jet is important (cf. Figs. 1 and 4). This means that, in
the event of a discovery, ALPs could be used as probes of
jet magnetic field structure. If the values of m, and g, are
known, a sort of reversed ALP search could be performed
where the magnetic field parameter space is scanned as
opposed to the ALP space, allowing certain magnetic field
parameters to be excluded as opposed to ALP parameters.
This kind of process could potentially be used to identify
the emission region of gamma-ray flares in blazars, the
subject of ongoing debate (e.g., [68]). One difficulty of this
process (other than the obvious difficulty of ALPs having to
be discovered first) involves the oscillatory nature of ALP-
photon mixing. For example, there is a degeneracy between
possible emission regions, as shifts of one oscillation length
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reproduce almost exactly the same spectrum. This could
also be done to investigate cluster magnetic fields, par-
ticularly around distant blazars whose cluster environment
is difficult to constrain with other observations.

V. CONCLUSIONS

We have investigated the relevance of jet magnetic field
structure for blazar ALP searches. ALP spectra of Mrk 501
have been simulated by propagating ALP-photon beams
through all the magnetic field environments along the line
of sight. By comparing fits to ALP-less spectra with and
without mixing in the jet for a specific set of reasonable jet
field parameters, we have shown that the jet is an important
region for ALP-photon mixing. This is because mixing in
the strong magnetic field of the jet tends to put the mixing
equations into the strong-mixing regime for a large range of
energies, which sets the large scale structure of the
spectrum. Mixing in the IGMF, however, tends to produce
small scale oscillations around this shape.

In particular, mixing in jets is important for the unprobed
ALP parameter space likely to be the target exclusion
region for future blazar ALP searches. Or, in other words,
mixing in the jet could enable us to probe new regions of
the ALP parameter space. It is, therefore, important to
investigate how variations in the jet magnetic field con-
figuration affect the ALP-photon mixing in jets, to see how
detailed our jet magnetic field models have to be for these
searches, and whether current observational and theoretical
constraints enable us to build such a model. We have done
this by imposing a reasonable jet field structure onto the PC
jet framework. Our model is composed of a helical
component that transitions from poloidal to toroidal, and
a tangled component. The field structure can be described
with three parameters: f, the fraction of magnetic field
energy density in the tangled component; «, the power law
index of the transverse component of the helical field; and
rr, the distance along the jet at which the helical compo-
nent becomes toroidal. By scanning feasible magnetic field
parameter space (i.e., allowing these three parameters to
vary within observational and theoretical limits), we have
shown that reasonable changes in jet magnetic field
structure, particularly the helical component at the highly
magnetized base of the jet, have a large effect on ALP-
photon mixing and hence, on possible exclusions.
Changing the magnetic field parameters rarely reduces
the mixing to zero, so the jet will still be able to probe new
ALP parameter space. The strong dependence of the fits on
the specific magnetic field parameters does mean, however,
that future ALP searches that want to probe the unexcluded
region of ALP parameter space, where mixing in the jet is
important, require a detailed model of the specific jets they
are looking at to reliably exclude ALP parameters with
blazar spectra. This will require better knowledge of jet
magnetic fields than we currently have or enough comput-
ing power to marginalize over magnetic field parameter

space. We have shown that these results are applicable
beyond Mrk 501, to any blazar with a magnetic field at its
emission region larger than about 0.05G. This is a very
weak field for BL Lac type objects but could be reasonable
for some FSRQs [63]. In the case of a weaker field, our
ignorance of jet structure is unimportant, but another
mixing region between us and the source would then be
required to probe new ALP parameter space. We have
demonstrated that, for sources located in a highly magnet-
ized cluster, the intracluster magnetic field is capable of
wiping out the effects of jet mixing. This means that the
current limits set on ALP parameter space from gamma-ray
spectra are still valid, because they have used the Perseus
Cluster as their mixing region. Our results are particularly
important for the upcoming ALP searches planned with
CTA. It has also been pointed out that this could work the
other way around, with ALPs acting as probes of jet
structure in the event of their discovery.
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APPENDIX: ALP-PHOTON MIXING

Including the ALP-photon mixing term, ALPs can be
described by the Lagrangian,

1
‘Ca.lp :E

d'ad,a —%m%az + Ly, (A1)
Mixing between ALPs and photons in an external magnetic
field is described by the Lagrangian £,,, given in Eq. (1).
As the electric field (E) of a photon is orthogonal to its
wave vector (k), the dot product in £,, means only the
component of the external magnetic field (B in £,,) that is
transverse with respect to the direction of beam propagation
(B7) is important for mixing. Similarly, only the component
of E in the plane spanned by B and k is involved in the
mixing (E ), meaning only photon polarization states along
E)| mix with ALPs [60]. If we consider a linearly polarized
photon beam of energy E (from now on E is used for
energy and not electric field) propagating in the y direction
in a homogeneous magnetic field, it follows from Eq. (A1)
that the propagation of the ALP-photon beam evolves
according to the second-order wave equation:

d2
(d—y2 +E? + 2EM0> ¥(y) =0. (A2)
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Here, ¥(y) = (A,(y),A.(y),a(y))", where A, and A, are
the photon amplitudes with polarization in the (arbitrarily
chosen, but orthogonal to y and each other) x and z
directions, and a(y) is the amplitude associated with the
ALP. M, is the ALP-photon mixing matrix. As we are
considering a homogeneous magnetic field and propaga-
tion in regions where the refractive index satisfies
|n — 1| < 1, the following relations hold [5]:

<j_y22 + E2>‘P(y) = (idily + E) <—idiy + E) ¥(y)
(A3)

Equation (A2) can, therefore, be linearized into the
Schrodinger-like equation,

(idiy LE+ M0> W(y) = 0. (A4)

Choosing the z direction to be aligned with By (from now
on, By = BZ) and neglecting Faraday rotation (because of
the high gamma-ray energies we are considering), the
mixing matrix M, takes the form,

A, 0O 0
Mo=| 0 4, Ay |, (A5)
0 A, Ay

where the diagonal terms arise from the propagation of
photons and ALPs and the off diagonal terms are due to
ALP-photon mixing. The photon term, A,,, includes a
plasma contribution as well as contributions due to the
QED vacuum polarization effect, scattering oftf the CMB,
and any absorption [54]:

i

A,, = Ap + Agep + Acms + 21

(A6)

4

The plasma contribution depends on the effective mass of
the photon in the plasma, my (which is just the plasma
frequency in a cold plasma: wy, ~ 0.037,/n, neV with the

electron density n, in units of cm™),

m2
Ay =-— 2—11{ (A7)
Inside a relativistic jet, we are not dealing with a cold
thermal plasma, and so, the photon effective mass (m7)
will not simply be the plasma frequency (see [69]). In this
case, we can use the fact that the electron distribution
function is a power law with an index related to the
observed synchrotron power law index to find the effective
mass of the photon in the plasma:

a (ﬂ - 1) Emax E_ﬁ
-2

—d
m, \/Ez—me

where « is the fine structure constant, f is the elec-
tron distribution function index (f(E)dE « E?dE with

J (v)duocv@dv), and E,, is the maximum electron
energy in the population. my can be quite different to
wpi, depending on the electron energies and the index, f.
However, for gamma-ray photon energies and the magnetic
field strengths in jets, the QED vacuum polarization term is
much more important than the plasma term regardless.
For our jet, n, « r~2 with nS™ =5 x 10* cm™ at the
emission region as in Ref [23]. Because my is a function
of n,, it is not constant but changes along the jet as a
function of distance.

The QED vacuum polarization term depends on the

magnetic field as,
ak [ B\?
Aggp=-—7|—1 .
AP 457 <Bcr>

with a the fine structure constant and B, the critical
magnetic field B, = m?/|e| ~4.4x 10°G. The CMB
term is constant and has been calculated to be [70]:

E. (AS8)

(A9)

Acyp = 0.522 x 10742E eV. (A10)

The term i/24, takes into account any gamma-ray absorp-
tion processes with mean free path 4,. The propagation
term for the ALPs is,

2
m
Aaa:_z_Eu’ (All)

and the ALP-photon mixing term reads,

A, = YaB

w=-2 (A12)

Ignoring absorption, these equations of motion lead to
ALP-photon oscillations with wave number (e.g., [54]),

AOSC

= /8, = A +482,

m2 —m2 a [ B)? g
_\/<T|+E[E<B_) *ACMBD + (G B)
cr

(A13)

which broadly explains why ALPs could lead to oscillatory
features in gamma-ray spectra (flux vs energy) as the
oscillation length between photons and ALPs for a given
environment (B and my) depends on the beam energy.
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This means that the probability of the ALP-photon beam
being in the ALP state once it has passed through the
magnetic field environment will oscillate in energy. This
oscillatory behavior will be particularly prevalent when
either of the first two terms (x 1/E and « E) become
similar to the mixing term, as then the oscillation length
will depend strongly (and linearly) on energy. This gives
two so-called critical energies, around which, we expect
strong oscillations in energy spectra:
plover _ Ima = 3| (A14)
29, B
and

. a / B\2 -1
DiEher _ 9ayB {45” (Bcr> + ACMB] . (A15)
Similarly, when the third term in equation (A13) dominates
(the strong mixing regime), mixing becomes independent
of energy and so, will not produce energy-spectra oscil-
lations. While the treatment of a linearly polarized beam is
useful for displaying this oscillatory behavior, in gamma-
ray astronomy, we cannot measure photon polarization, and
so, we must treat the beam as unpolarized. Equation (A4)
must, therefore, be reformulated in terms of the density
matrix p(y) = ¥(y)¥(y)", which gives the Von-Neumann-
like equation:

.dp

e . M. (A16)

It is also more useful in practice to consider a magnetic field
that makes an angle y with Z as opposed to being aligned
with it. This alters the mixing matrix by a similarity
transform, giving

A, 0 A, sin(y)
My = 0 A, A,y cos(y)

(A17)

Equation (A16) can be solved using the transfer
matrix U(y,yo; E) associated with Eq. (A4) (¥P(y) =
Uy, yo; E)¥(0)):

p(y) = U, Yo w3 E)p(yo)U (v, yos w3 E),  (A18)
which gives the probability of a state p; being found in state
p, after propagating from y, to y as,

P/)|—>/)2(y) = Tr(pZU(y9 Yos ¥ E)pluT(yv Yos ¥ E))
(A19)

We are not dealing with a single domain of constant field.
For our case, the field environments have to be sliced into N
consecutive domains of constant B and y, within which, the
propagation equations can be solved exactly. For the jet, we
use 400 logarithmically spaced domains, which we found
to be small enough slices not to affect the overall survival
probabilities. The IGMF is already organized into domains
of constant B and y in our model; for the GMF, we use
100 linearly spaced domains, and for the CMF, we use
4500 logarithmically spaced domains. From Eq. (A19), the
probability of a photon surviving, in any polarization, the
propagation through these N consecutive domains is (as in
Ref. [71]),

(A20)

where p;; = diag(1,0,0) and p,, = diag(0, 1,0) (the two
photon polarization states) and,

i (A21)

i=1

If the initial beam is unpolarized, p(0) = 1/2diag(1, 1,0).
The explicit expression of the transfer matrices used to
find the photon survival probabilities (P,,) can be found
in Ref. [60].

[1] K. Nakamura, Review of particle physics, J. Phys. G 37,
075021 (2010).

[2] S. Weinberg, A New Light Boson?, Phys. Rev. Lett. 40, 223
(1978).

[3] F. Wilczek, Problem of Strong P and 7 Invariance
in the Presence of Instantons, Phys. Rev. Lett. 40, 279
(1978).

[4] R. Peccei, The strong CP problem and axions, Lect. Notes
Phys. 741, 3 (2008).

[5] G. Raffelt and L. Stodolsky, Mixing of the photon with low-
mass particles, Phys. Rev. D 37, 1237 (1988).

[6] A. Ringwald, Searching for axions and ALPs from string
theory, J. Phys. 485, 012013 (2014).

[7] P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo,
and A. Ringwald, WISPy cold dark matter, J. Cosmol.
Astropart. Phys. 06 (2012) 013.

[8] P. Graham, I. Irastorza, S. Lamoreaux, A. Lindner, and
K. van Bibber, Experimental searches for the axion and

023008-14


https://doi.org/10.1088/0954-3899/37/7A/075021
https://doi.org/10.1088/0954-3899/37/7A/075021
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1007/978-3-540-73518-2_1
https://doi.org/10.1007/978-3-540-73518-2_1
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1088/1742-6596/485/1/012013
https://doi.org/10.1088/1475-7516/2012/06/013
https://doi.org/10.1088/1475-7516/2012/06/013

RELEVANCE OF JET MAGNETIC FIELD STRUCTURE FOR ...

PHYS. REV. D 103, 023008 (2021)

Axionlike particles, Annu. Rev. Nucl. Part. Sci. 65, 485
(2015).

[9] M. Battaglieri et al., US Cosmic Visions: New Ideas in Dark
Matter 2017: Community Report No. FERMILAB-CONF-
17-282-AE-PPD-T (2017).

[10] K. Zioutas et al., A decommissioned LHC model magnet as
an axion telescope, Nucl. Instrum. Methods Phys. Res.,
Sect. A 425, 480 (1999).

[11] V. Anastassopoulos, S. Aune, K. Barth et al., New CAST
limit on the axion—photon interaction, Nat. Phys. 13, 584
(2017).

[12] E. Armengaud et al., Conceptual design of the International
Axion Observatory (IAXO), J. Instrum. 9, T05002 (2014).

[13] A.Payez, C. Evoli, T. Fischer, M. Giannotti, A. Mirizzi, and
A. Ringwald, Revisiting the SN1987A gamma-ray limit on
ultralight Axionlike particles, J. Cosmol. Astropart. Phys.
02 (2015) 006.

[14] M. Meyer and T. Petrushevska, Search for Axionlike-
Particle-Induced Prompt Gamma-Ray Emission from Ex-
tragalactic Core-Collapse Supernovae with the Fermi Large
Area Telescope, Phys. Rev. Lett. 124, 231101 (2020).

[15] The Fermi-LAT Collaboration, Search for Spectral Irregu-
larities due to Photon—Axionlike—Particle Oscillations
with the Fermi Large Area Telescope, Phys. Rev. Lett.
116, 161101 (2016).

[16] C.Zhang, Y. Liang, S. Li, N. Liao, L. Feng, Q. Yuan, Y. Fan,
and Z. Ren, New bounds on axionlike particles from the
Fermi Large Area Telescope observation of PKS 2155-304,
Phys. Rev. D 97, 063009 (2018).

[17] J. Majumdar, F. Calore, and D. Horns, Search for gamma-
ray spectral modulations in Galactic pulsars, J. Cosmol.
Astropart. Phys. 04 (2018) 048.

[18] A. Abramowski et al., Constraints on axionlike particles
with HESS from the irregularity of the PKS2155-304
energy spectrum, Phys. Rev. D 88, (2013).

[19] C. Reynolds, M. David Marsh, H. R. Russell, A. Fabian, R.
Smith, F. Tombesi, and S. Veilleux, Astrophysical limits on
very light Axionlike particles from chandra grating spec-
troscopy of NGC 1275, Astrophys. J. 890, 59 (2020).

[20] Cherenkov Telescope Array Consortium, Science with the
Cherenkov Telescope Array (World Scientific Publishing
Co. Pte. Ltd., Singapore, 2018), https://doi.org/10.1142/
10986.

[21] T. Hassan et al., Monte Carlo performance studies for the
site selection of the Cherenkov Telescope Array, Astropart.
Phys. 93, 76 (2017).

[22] The Cherenkov Telescope Array Consortium, Sensitivity of
the Cherenkov Telescope Array for probing cosmology and
fundamental physics with gamma-ray propagation, arXiv:
2010.01349.

[23] G. Galanti, F. Tavecchio, M. Roncadelli, and C. Evoli,
Blazar VHE spectral alterations induced by photon—-ALP
oscillations, Mon. Not. R. Astron. Soc. 487, 123 (2019).

[24] M. Sanchez-Conde, D. Paneque, E. Bloom, F. Prada, and A.
Dominguez, Hints of the existence of axionlike particles
from the gamma-ray spectra of cosmological sources, Phys.
Rev. D 79, 123511 (2009).

[25] J. Harris and P. Chadwick, Photon-axion mixing within the
jets of active galactic nuclei and prospects for detection,
J. Cosmol. Astropart. Phys. 10 (2014) 018.

[26] K. Hochmuth and G. Sigl, Effects of axion-photon mixing
on gamma-ray spectra from magnetized astrophysical
sources, Phys. Rev. D 76, 123011 (2007).

[27] O. Mena and S. Razzaque, Hints of an Axionlike particle
mixing in the GeV gamma-ray blazar data?, J. Cosmol.
Astropart. Phys. 11 (2013) 023.

[28] F. Tavecchio, M. Roncadelli, and G. Galanti, Photons to
Axionlike particles conversion in Active Galactic Nuclei,
Phys. Lett. B 744, 375 (2015).

[29] S. Abdollahi et al., Fermi large area telescope fourth source
catalog, Astrophys. J. Suppl. Ser. 247, 33 (2020).

[30] K. Akiyama et al., First M87 event horizon telescope
results. I. The shadow of the supermassive black hole,
Astrophys. J. 875, L1 (2019).

[31] D. Lynden-Bell, Galactic nuclei as collapsed old quasars,
Nature (London) 223, 690 (1969).

[32] M. Begelman, R. Blandford, and M. Rees, Theory of
extragalactic radio sources, Rev. Mod. Phys. 56, 255
(1984).

[33] B. Fanaroff and J. Riley, The morphology of extragalactic
radio sources of high and low luminosity, Mon. Not. R.
Astron. Soc. 167, 31P (1974).

[34] R. Blandford, D. Meier, and A. Readhead, Relativistic jets
from active galactic nuclei, Annu. Rev. Astron. Astrophys.
57, 467 (2019).

[35] R. Blandford and R. Znajek, Electromagnetic extraction of
energy from Kerr black holes, Mon. Not. R. Astron. Soc.
179, 433 (1977).

[36] W. Potter and G. Cotter, Synchrotron and inverse-Compton
emission from blazar jets—I. A uniform conical jet model,
Mon. Not. R. Astron. Soc. 423, 756 (2012).

[37] W. Potter and G. Cotter, Synchrotron and inverse-Compton
emission from blazar jets—II. An accelerating jet model
with a geometry set by observations of M87, Mon. Not. R.
Astron. Soc. 429, 1189 (2013).

[38] W. Potter and G. Cotter, Synchrotron and inverse-Compton
emission from blazar jets—III. Compton-dominant blazars,
Mon. Not. R. Astron. Soc. 431, 1840 (2013).

[39] W. Potter and G. Cotter, Synchrotron and inverse-Compton
emission from blazar jets—IV. BL Lac type blazars and the
physical basis for the blazar sequence, Mon. Not. R. Astron.
Soc. 436, 304 (2013).

[40] W. Potter and G. Cotter, New constraints on the structure
and dynamics of black hole jets, Mon. Not. R. Astron. Soc.
453, 4071 (2015).

[41] G. Romero, M. Boettcher, S. Markoff, and F. Tavecchio,
Relativistic jets in active galactic nuclei and microquasars,
Space Sci. Rev. 207, 5 (2017).

[42] M. Petropoulou and A. Mastichiadis, On proton synchrotron
blazar models: The case of quasar 3C 279, Mon. Not. R.
Astron. Soc. 426, 462 (2012).

[43] A.Miicke, R. Protheroe, R. Engel, J. Rachen, and T. Stanev,
BL Lac objects in the synchrotron proton blazar model,
Astropart. Phys. 18, 593 (2003).

[44] A. Zdziarski and M. Bottcher, Hadronic models of blazars
require a change of the accretion paradigm, Mon. Not. R.
Astron. Soc. 450, L21 (2015).

[45] The IceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN,
HAWC, H.E.S.S, INTEGRAL, Kanata, Kiso, Kapteyn,
Liverpool telescope, Subaru, Swift/NuSTAR, VERITAS,

023008-15


https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1016/S0168-9002(98)01442-9
https://doi.org/10.1016/S0168-9002(98)01442-9
https://doi.org/10.1038/nphys4109
https://doi.org/10.1038/nphys4109
https://doi.org/10.1088/1748-0221/9/05/T05002
https://doi.org/10.1088/1475-7516/2015/02/006
https://doi.org/10.1088/1475-7516/2015/02/006
https://doi.org/10.1103/PhysRevLett.124.231101
https://doi.org/10.1103/PhysRevLett.116.161101
https://doi.org/10.1103/PhysRevLett.116.161101
https://doi.org/10.1103/PhysRevD.97.063009
https://doi.org/10.1088/1475-7516/2018/04/048
https://doi.org/10.1088/1475-7516/2018/04/048
https://doi.org/10.1103/PhysRevD.88.102003
https://doi.org/10.3847/1538-4357/ab6a0c
https://doi.org/10.1142/10986
https://doi.org/10.1142/10986
https://doi.org/10.1142/10986
https://doi.org/10.1142/10986
https://doi.org/10.1016/j.astropartphys.2017.05.001
https://doi.org/10.1016/j.astropartphys.2017.05.001
https://arXiv.org/abs/2010.01349
https://arXiv.org/abs/2010.01349
https://doi.org/10.1093/mnras/stz1144
https://doi.org/10.1103/PhysRevD.79.123511
https://doi.org/10.1103/PhysRevD.79.123511
https://doi.org/10.1088/1475-7516/2014/10/018
https://doi.org/10.1103/PhysRevD.76.123011
https://doi.org/10.1088/1475-7516/2013/11/023
https://doi.org/10.1088/1475-7516/2013/11/023
https://doi.org/10.1016/j.physletb.2015.04.017
https://doi.org/10.3847/1538-4365/ab6bcb
https://doi.org/10.3847/2041-8213/ab0ec7
https://doi.org/10.1038/223690a0
https://doi.org/10.1103/RevModPhys.56.255
https://doi.org/10.1103/RevModPhys.56.255
https://doi.org/10.1093/mnras/167.1.31P
https://doi.org/10.1093/mnras/167.1.31P
https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1111/j.1365-2966.2012.20918.x
https://doi.org/10.1093/mnras/sts407
https://doi.org/10.1093/mnras/sts407
https://doi.org/10.1093/mnras/stt300
https://doi.org/10.1093/mnras/stt1569
https://doi.org/10.1093/mnras/stt1569
https://doi.org/10.1093/mnras/stv1657
https://doi.org/10.1093/mnras/stv1657
https://doi.org/10.1007/s11214-016-0328-2
https://doi.org/10.1111/j.1365-2966.2012.21720.x
https://doi.org/10.1111/j.1365-2966.2012.21720.x
https://doi.org/10.1016/S0927-6505(02)00185-8
https://doi.org/10.1093/mnrasl/slv039
https://doi.org/10.1093/mnrasl/slv039

DAVIES, MEYER, and COTTER

PHYS. REV. D 103, 023008 (2021)

VLA/17B-403 teams, Multimessenger observations of a
flaring blazar coincident with high-energy neutrino Ice-
Cube-170922A, Science eaat1378 (2018).

[46] S. O’Sullivan and D. Gabuzda, Magnetic field strength and
spectral distribution of six parsec-scale active galactic nuclei
jets, Mon. Not. R. Astron. Soc. 400, 26 (2009).

[47] R. Walker, P. Hardee, F. Davies, C. Ly, and W. Junor,
The structure and dynamics of the subparsec Jet in M87
based on 50 VLBA observations over 17 Years at 43 GHz,
Astrophys. J. 855, 128 (2018).

[48] J. McKinney, General relativistic magnetohydrodynamic
simulations of the jet formation and large-scale propagation
from black hole accretion systems, Mon. Not. R. Astron.
Soc. 368, 1561 (2006).

[49] D. Gabuzda, Evidence for helical magnetic fields associated
with AGN jets and the action of a cosmic battery, Galaxies
7,5 (2018).

[50] R. Pudritz, M. Hardcastle, and D. Gabuzda, Magnetic fields
in astrophysical jets: From launch to termination, Space Sci.
Rev. 169, 27 (2012).

[51] V. Larionov et al., Multiwavelength behavior of the blazar
3C 279: Decade-long study from y-ray to radio, Mon. Not.
R. Astron. Soc. 492, 3829 (2020).

[52] J. McKinney and R. Blandford, Stability of relativistic
jets from rotating, accreting black holes via fully three-
dimensional magnetohydrodynamic simulations, Mon. Not.
R. Astron. Soc. 394, L126 (2009).

[53] E. Murphy, T. Cawthorne, and D. Gabuzda, Analysing the
transverse structure of the relativistic jets of active galactic
nuclei, Mon. Not. R. Astron. Soc. 430, 1504 (2013).

[54] G. Galanti and M. Roncadelli, Behavior of axionlike
particles in smoothed out domainlike magnetic fields, Phys.
Rev. D 98, 043018 (2018).

[55] P. Blasi, S. Burles, and A. Olinto, Cosmological magnetic
field limits in an inhomogeneous universe, Astrophys. J.
514, L79 (1999).

[56] E. Dwek and F. Krennrich, The extragalactic background
light and the gamma-ray opacity of the universe, Astropart.
Phys. 43, 112 (2013).

[57] M. Meyer and J. Conrad, Sensitivity of the Cherenkov
Telescope Array to the detection of Axionlike particles at
high gamma-ray opacities, J. Cosmol. Astropart. Phys. 12
(2014) 016.

[58] A. Dominguez, J. Primack, D. Rosario, F. Prada, R.
Gilmore, S. Faber, D. Koo, R. Somerville, M. Perez-Torres,
P. Perez-Gonzalez, J. Huang, M. Davis, P. Guhathakurta,

P. Barmby, C. Conselice, M. Lozano, J. Newman, and
M. Cooper, Extragalactic background light inferred from
AEGIS galaxy-SED-type fractions, Mon. Not. R. Astron.
Soc. 410, 2556 (2011).

[59] R. Jansson and G. Farrar, A new model of the galactic
magnetic field, Astrophys. J. 757, 14 (2012).

[60] A.De Angelis, G. Galanti, and M. Roncadelli, Relevance of
axionlike particles for very-high-energy astrophysics, Phys.
Rev. D 84, 105030 (2011).

[61] A. Abdo et al., The spectral energy distribution of fermi
bright blazars, Astrophys. J. 716, 30 (2010).

[62] https://github.com/me-manu/gammaALPs

[63] M. Zamaninasab, E. Clausen-Brown, T. Savolainen, and A.
Tchekhovskoy, Dynamically important magnetic fields near
accreting supermassive black holes, Nature (London) 510,
126 (2014).

[64] M. Libanov and S. Troitsky, On the impact of magnetic-field
models in galaxy clusters on constraints on Axionlike
particles from the lack of irregularities in high-energy
spectra of astrophysical sources, Phys. Lett. B 802,
135252 (2020).

[65] J. Croston et al., The environments of radio-loud AGN
from the LOFAR Two-Metre Sky Survey (LoTSS), Astron.
Astrophys. 622, A10 (2019).

[66] M. Gendre, P. Best, J. Wall, and L. Ker, The relation
between morphology, accretion modes and environmental
factors in local radio AGN, Mon. Not. R. Astron. Soc. 430,
3086 (2013).

[67] T. Heckman and P. Best, The coevolution of galaxies and
supermassive black holes: Insights from surveys of the
contemporary universe, Annu. Rev. Astron. Astrophys. 52,
589 (2014).

[68] M. Meyer, J. Scargle, and R. Blandford, Characterizing the
gamma-ray variability of the brightest flat spectrum radio
quasars observed with the Fermi LAT, Astrophys. J. 877, 39
(2019).

[69] G. Raffelt, Stars As Laboratories For Fundamental
Physics (University of Chicago Press, Chicago, 1996),
pp. 209-217.

[70] A.Dobrynina, A. Kartavtsev, and G. Raffelt, Photon-photon
dispersion of TeV gamma rays and its role for photon-ALP
conversion, Phys. Rev. D 91, 083003 (2015).

[71] M. Meyer, D. Montanino, and J. Conrad, On detecting
oscillations of gamma rays into Axionlike particles in
turbulent and coherent magnetic fields, J. Cosmol. Astro-
part. Phys. 09 (2014) 003.

023008-16


https://doi.org/10.1111/j.1365-2966.2009.15428.x
https://doi.org/10.3847/1538-4357/aaafcc
https://doi.org/10.1111/j.1365-2966.2006.10256.x
https://doi.org/10.1111/j.1365-2966.2006.10256.x
https://doi.org/10.3390/galaxies7010005
https://doi.org/10.3390/galaxies7010005
https://doi.org/10.1007/s11214-012-9895-z
https://doi.org/10.1007/s11214-012-9895-z
https://doi.org/10.1093/mnras/staa082
https://doi.org/10.1093/mnras/staa082
https://doi.org/10.1111/j.1745-3933.2009.00625.x
https://doi.org/10.1111/j.1745-3933.2009.00625.x
https://doi.org/10.1093/mnras/sts561
https://doi.org/10.1103/PhysRevD.98.043018
https://doi.org/10.1103/PhysRevD.98.043018
https://doi.org/10.1086/311958
https://doi.org/10.1086/311958
https://doi.org/10.1016/j.astropartphys.2012.09.003
https://doi.org/10.1016/j.astropartphys.2012.09.003
https://doi.org/10.1088/1475-7516/2014/12/016
https://doi.org/10.1088/1475-7516/2014/12/016
https://doi.org/10.1111/j.1365-2966.2010.17631.x
https://doi.org/10.1111/j.1365-2966.2010.17631.x
https://doi.org/10.1088/0004-637X/757/1/14
https://doi.org/10.1103/PhysRevD.84.105030
https://doi.org/10.1103/PhysRevD.84.105030
https://doi.org/10.1088/0004-637X/716/1/30
https://github.com/me-manu/gammaALPs
https://github.com/me-manu/gammaALPs
https://doi.org/10.1038/nature13399
https://doi.org/10.1038/nature13399
https://doi.org/10.1016/j.physletb.2020.135252
https://doi.org/10.1016/j.physletb.2020.135252
https://doi.org/10.1051/0004-6361/201834019
https://doi.org/10.1051/0004-6361/201834019
https://doi.org/10.1093/mnras/stt116
https://doi.org/10.1093/mnras/stt116
https://doi.org/10.1146/annurev-astro-081913-035722
https://doi.org/10.1146/annurev-astro-081913-035722
https://doi.org/10.3847/1538-4357/ab1651
https://doi.org/10.3847/1538-4357/ab1651
https://doi.org/10.1103/PhysRevD.91.083003
https://doi.org/10.1088/1475-7516/2014/09/003
https://doi.org/10.1088/1475-7516/2014/09/003

